The suboesophageal body of insects was identified over a century ago in the silkworm embryo, but its biological function is still unknown. We discovered that this tissue is differentiated in the earliest embryonic stages of the cabbage armyworm and secretes the insect cytokine, growth-blocking peptide (GBP), transiently from 24 to 60 h after oviposition when gastrulation is in progress. Over-expression of GBP, achieved by microinjection of the GBP gene driven by a cytomegalovirus (CMV) constitutive promoter, resulted in complex deformities of the procephalon (embryonic head). Severe abnormal phenotypes of the head structure were produced by silencing the GBP expression in the embryo by treating with GBP double-stranded RNA: the procephalon-containing optic lobes diminished and completely separated into bilateral halves. This indicates that GBP secreted from the suboesophageal body plays an essential role in the formation of the procephalic domain during early embryogenesis. The cytokine-induced fusion of bilateral procephalic lobes is thought to be evolutionarily conserved at least in insects, because of the widespread occurrence of the suboesophageal body in insect embryos. q
Introduction
Cytokines are of crucial importance in the regulation of many physiological events such as immunity, inflammation, tissue remodeling and embryonic development. They comprise a group of low molecular weight proteins that are produced by many different cell types and generally exert their effects in an autocrine or paracrine fashion. A cytokine family recently identified in insects is referred to as the ENF peptide family, which is based on their consensus amino-terminal sequence, Glu-Asn-Phe- (Strand et al., 2000) . At least 16 members now belong to this peptide family whose functions are diverse (Aizawa et al., 2001; Clark et al., 2001) : larval growth retardation (Hayakawa, 1990 (Hayakawa, , 1991 (Hayakawa, , 1992 , paralysis induction (Skinner et al., 1991 (Skinner et al., , 1993 , cardioacceleration (Furuya et al., 1999) , immune cell stimulation (Clark et al., 1997) and cell proliferation (Hayakawa and Ohnishi, 1998) . These peptides consist of 23-25 amino acid residues whose sequences are very similar (over 70%) to one another. Based on the observations that some of these peptides served as a larval growth regulator, paralysis inducer and immune cell stimulator, it has been concluded that these peptides have multiple biological functions (Strand et al., 2000) .
Growth-blocking peptide (GBP) is a member of the ENF cytokine family that was identified for the first time from the hemolymph of the armyworm Pseudaletia separata whose development is arrested in the last larval instar stage when parasitized by the parasitoid wasp Cotesia kariyai (Hayakawa, 1995) . Injection of about 20 pmol of GBP into non-parasitized host larvae clearly retards larval development and causes a delay in pupation (Hayakawa and Yasuhara, 1993) . Subsequent studies suggest that GBP is an armyworm gene product and that its titer in the hemolymph correlates with reduction in larval growth under external stresses such as parasitization and chilling , thus indicating that GBP fulfills an important role in growth regulation during post-embryonic stage. Two other distinct activities of GBP have also been reported: regulation of cellular immunity (Strand et al., 2000; Matsumoto et al., 2003b) and cell proliferation (Hayakawa and Ohnishi, 1998; Ohnishi et al., 2001) . The latter activity has been substantiated by structural studies using NMR analysis. The tertiary structure of GBP consists of disordered N (residues 1-6) and C termini (residues 23-25) and a wellstructured core (residues 7-22) stabilized by a disulfide bond and b-hairpin turn (Aizawa et al., 1999; Volkman et al., 1999; Tada et al., 2003) . Structural comparison revealed that the core region of GBP adopts a structure very similar to the C-terminal subdomain of the mammalian epidermal growth factor (EGF) (Aizawa et al., 1999) . As expected from the structural information, we confirmed its mitogenic activity: several nM GBP clearly stimulated DNA synthesis of insect Sf9 cells and human keratinocyte cells (Hayakawa and Ohnishi, 1998) . Therefore, GPB is thought to be an extremely small cytokine with partial EGF-like structure.
Since it is now well known that signaling pathways utilize EGF and cytokines play a number of important roles in the embryonic development of both vertebrates and invertebrates (Schweitzer and Shilo, 1997; Sosic et al., 2003) , the functional and structural nature of GBP suggests that GBP may participate in embryogenesis. We started to investigate this hypothesis by analyzing the 5 0 upstream region of the GBP gene of the cabbage armyworm, Mamestra brassicae, in order to identify sequence motifs related to embryogenesis-associated expression. The results showed that there were various cis-elements responsible for expression during early embryogenesis of Drosophila, suggesting a correlation of the GBP expression to embryogenesis of the armyworm. This possibility was confirmed by the northern blot and the in situ hybridization analyses. The GBP mRNA expression was detected in the suboesophageal body during embryogenesis. This finding is very interesting because the physiological role of the suboesophageal body has been unknown since its presence in the silkworm embryo was reported in 1877 (Sato, 1998; Tan et al., 2003) . The final objective of this study, demonstration of the GBP function during embryogenesis, was achieved by RNAi methodology: treatment of embryos with GBP dsRNA interfered with a normal formation of the linkage between bilateral procephalic lobes both in vivo and in vitro.
Results

The GBP mRNA is expressed in the cabbage armyworm embryos
We first analyzed the upstream region of the GBP gene of the cabbage armyworm, M. brassicae, to identify sequence motifs related to embryogenesis-associated expression, because we can use a large catalogue of developmental control genes in Drosophila. Sequencing of about 3.0 kbp of the 5 0 flanking region of the GBP gene (AB126696) showed the presence of seven cis-elements responsible for expression during early embryogenesis of Drosophila (Niessing et al., 1997) , suggesting a correlation of the GBP expression to embryogenesis of the armyworm (Fig. 1A) . This possibility was confirmed by the northern blot (Fig. 1B) and the in situ hybridization analyses ( Fig.  1C-E) , showing that 1.3 kb GBP mRNA was expressed in the suboesophageal body transiently during very early embryonic stages from 24 to 60 h after oviposition when gastrulation is in progress. Afterwards, another variant transcript (1.0 kb) was also expressed. Sequence analyses of 1.3 (AB126697) and 1.0 kb (AB126698) transcripts showed that both of them have an identical sequence, except that the 1.3 kb transcript encodes a longer 5 0 -UTR (Fig. 1A) . We focused our attention on the early period when the 1.3 kb transcript is just expressed, because gastrulation proceeds during this period. Immunohistochemistry confirmed the production of GBP in the suboesophageal body cells (Fig. 1F-H ). By these morphological analyses, we confirmed that this tissue is among the earliest to differentiate during embryogenesis and slightly migrates posteriorly, accompanying with the tip of the stomodaeum, during this period, which likely coincides with invagination ( Fig. 2A) . This finding is interesting because the developmental role of the suboesophageal body is unknown. The widespread occurrence of this tissue has been reported in insect embryos (Kessel, 1961) . However, neither hormone nor growth factor has been identified in the tissue, although it has the morphological characteristics of an endocrine organ (Hirschler, 1907; Miura, 1936) .
GBP is secreted from the suboesophageal body
Thus, to unambiguously confirm the localization of GBP, immunoelectron microscopy was conducted. The suboesophageal body is present at the tip of the stomodaeum in the 48-h embryo ( Fig. 2A,B ) and its cells are clearly distinguishable from neighboring cells: irregular shaped cells containing many granules with a variation in electron density and large endoplasmic reticula (Fig. 2C,D) . The plasma membrane is enfolded and subsided to form extracellular cavities (Fig. 2D) . Immunostaining was found only in this tissue ( Fig. 1F-H) . In these cells, the gold particles were seen at a high density along the edges adjacent to the cavities and inside some of the granules (Fig. 2E,F) . It is reasonable to expect that GBP molecules are produced and secreted from these cells, because both inside and outside spaces of the cells were labeled.
Phenotypic analysis of GBP gene in vivo
To assess the physiological role of GBP secreted from the suboesophageal body, phenotypic analyses were carried out. Over-expression of GBP, achieved by microinjection of the GBP gene driven by the cytomegalovirus (CMV) constitutive promoter, resulted in complex deformity of the head (Fig. 3A-C) . The volume of the head capsule was apparently reduced and the bilateral halves were a little separated than usual (Fig. 3C ), suggesting that secretion of GBP is required for normal morphogenesis of the head. To confirm this prediction, we utilized double-stranded RNA (dsRNA) directed against the coding region of GBP gene to reduce expression of endogenous GBP. In over 80% of the embryos microinjected with GBP dsRNA, the expression of GBP mRNA was almost completely blocked (Fig. 3D ). Among these embryos, head deformities were observed to be more severe when compared to those by over-expression: the head capsule containing optic lobes abnormally diminished and the bilateral halves were completely separated (Fig. 3F(96-h embryo) ,H(108-h embryo)) compared to the respective controls (Fig. 3E(96-h  embryo) ,G(108-h embryo)).
Phenotypic analysis of GBP gene in vitro
The RNAi-mediated deformities were reproduced in an in vitro experiment in which isolated head-thorax (HT) portions (Fig. 4A) were cultured in the presence of GBP dsRNA. The HT portions dissected from 36-h embryos (Fig. 4B,C) , when head appendages have just budded out, were cultured in Grace's insect cell culture medium with or without the dsRNA for 48 h. Under this condition, we found that the bilateral procephalic lobes containing optic lobes developed and moved close together in the control (Fig. 4F,G) as observed in the normal head dissected from the 60-h embryos (Fig. 4D,E) . In contrast, the dorsal midline cells between the procephalic lobes did not differentiate normally and the positions of both lobes did not change in the embryos soaked in the dsRNA (Fig. 4H,I ) from their positions prior to the incubation (Fig. 4B,C) . This dsRNAinduced retardation of the normal head development in vitro is highly reproducible (100%, nZ24) and its phenotype is also similar to those observed in the embryos injected with the dsRNA. Although the technical limit of the in vivo RNAi methodology in this study caused the low frequency of the GBP mutant phenotype (Fig. 3F,H) , the high reproducibility of the in vitro RNAi results strongly confirmed the role of GBP in the early morphogenesis of the head.
Based on these results, it is reasonable to propose that GBP secreted from the suboesophageal body during the embryonic stages from 24 to 60 h exerts its effects on the bilateral procephalic lobes to move close and then fuse together (Fig. 5) .
Discusssion
During embryogenesis of the cabbage armyworm, two types of transcripts encoding GBP mRNAs are expressed: 1.3 and 1.0 kb mRNAs. Both of them encode the same ORF (a 152-amino acid pre-pro-GBP) and different lengths of 5 0 -UTR. The sequences of the cDNAs suggest that the different types of the transcripts are not produced by an alternative splicing but by using different promoters. The utilization of the different promoters may contribute to regulate the GBP Fig. 1b . Lower column shows the detection of GBP mRNA by RT-PCR in individual insects to confirm the validity of the RNAi methodology in this study. In 8 of 9 injected embryos, the GBP cDNA bands were almost undetectable, while actin expression was not disturbed in the same insects. (F) The malformation observed in the 96-h embryo compared to the control (E); (H) 108-h embryo malformation compared to the control (G). Note that, at both stages (F,H), abnormal projection of procephalic lobes toward the outside and the lack of midline head development are observed. This phenotype is a typical case and the probability of this type of malformation was approximately 9.8% (nZ206). This kind of malformation was not observed in the control embryos injected with GFP dsRNA at all (nZ223).
gene in space and in time: 1.3 kb mRNA is first detected mostly in the suboesophageal body at 24 h after oviposition and, afterwards, the 1.0 kb mRNA expression becomes strong at 80-90 h after oviposition and declines rapidly towards the time of hatching (Fig. 1B) . Similarly, during larval development, different sizes of the transcript were constitutively expressed: 2.7 and 0.8 kb GBP mRNAs in the central nervous tissue and fat body, respectively (Hayakawa and Noguchi, 1998) . The expression levels of these two transcripts seem to be too low to be detected during embryonic development.
The tissue-and stage-specific expression of the GBP mRNA during embryogenesis is thought to be regulated by various types of the cis-elements in the upstream region of the GBP gene involved in the early embryogenesis of Drosophila. The presence of similar cis-element sequences was also demonstrated in the upstream region of the GBP gene of the armyworm, P. separata (Tsuzuki and Hayakawa, unpublished results).
One of these two GBP transcripts, 1.3 kb mRNA, is among the transcripts to be expressed during the very early embryonic stage, which means that its expression site, suboesophageal body, is also among the earliest tissues to differentiate during embryogenesis. This tissue first becomes visible around 24 h after oviposition at the tip of the stomodaeum, which is formed by invagination of the anterior surface cells. During gastrulation, it posteriorly shifts toward the boundary between the foregut and midgut. Although, during this period, the DNA synthesis does not occur in this tissue, indicating that it does not proliferate (unpublished data), the northern and in situ hybridization analyses demonstrated the active production of GBP the bilateral procephalic lobes: these lobes remained outside even after incubation (abnormal (H,I) as compared with normal (F,G)). These abnormal phenotypes caused by incubation with GBP dsRNA have been consistently observed in four-independent experiments using 6 HT portions. Therefore, the probability of this kind of abnormality was 100% (nZ24). at, antennae; lm, labrum; md, mandible; mx, maxillae; pl, procephalic lobe; le, larval eyes. The shadows bundled in isolated HT portions are yolk adherent to embryo.
( Fig. 1 ). These observations indicate that GBP initially exerts its effects on the midline cells between the procephalic lobes and, concomitant with the movement of the suboesophageal body, the lobes become close. When the lobes are fused together, it has already reached near the boundary between the foregut and midgut. Based on these observations, we presumed that GBP secreted from the suboesophageal body contributes to the drawing together and fusion of the bilateral procephalic lobes. Based on the GBP cDNA sequence, it is apparent that GBP is synthesized as a precursor (proGBP) containing a signal peptide sequence at the N-terminal, suggesting that proGBP is a secretory protein . In fact, we have demonstrated the presence of proGBP as well as GBP in hemolymph of P. separata armyworm larvae . We demonstrated that treatment of the embryos with GBP dsRNA caused abnormalities in the head structure in vivo and in vitro: the failure of the two halves of the head to fuse is the most conspicuous defect. Based on these phenotypic analyses together with the above morphological observations, it is reasonable to propose that GBP secreted from the suboesophageal body cells may control the cell differentiation of the dorsal midline cells between bilateral procephalic lobes and allows the lobes to move close together during gastrulation (Fig. 5) . However, a few questions still remain as follows.
(1) Is the arrangement of the procephalic lobes regulated directly by GBP or through the contribution of the midline cells stimulated by GBP? (2) Which receptor is activated by GBP?
Although we have no evidence to answer the first question at present, we suspect there are two possible answers for the second question. Previous studies have shown that GBP can directly bind and activate EGF receptors in human keratinocyte cells, while GBP can activate a unique type of GBP receptor in insect Sf9 cells ). These results enable us to speculate that GBP activates the mammalian EGF receptor homologue or the unique GBP receptor during early embryogenesis.
Another point worth emphasizing is that GBP is secreted from the suboesophageal body whose function has remained as an enigma for a long time. This tissue was first found as an 'endodermal anlage' in the silkworm embryo (Hatschek, 1877) and, afterward, designated as the suboesophageal body by Wheeler (1893) . Since then, the presence of this tissue has been reported in the embryos of members of the Orthoptera (Kessel, 1961) , Plecoptera (Miller, 1939) , Isoptera (Strindberg, 1913) , Mallophaga (Strindberg, 1916) , Coleoptera (Wray, 1937) , and Lepidoptera (Toyama, 1902; Johannsen, 1929) . Therefore, the presence of this tissue is highly common to insect embryos. Further, it was demonstrated that Bombyx mori paralytic peptide, silkworm homologue of armyworm GBP, was expressed in suboesophageal body of B. mori embryo (Shimura and Kamimura, unpublished results). Based on these facts together with the findings in this study, it is reasonable to expect that GBPlike cytokines in the suboesophageal bodies in insects serve the common function such as morphogenesis of the head during early embryogenesis. To our knowledge, there is no literature explaining the process by which bilateral procephalic lobes move close and fuse together before the onset of dorsal closure. It is certain that the normal arrangement of the bilateral lobes must be very important because this process is essential in the formation of the head structure in animals. The data in this study suggest that GBP is indispensable for this process and the failure of this process to occur results in a deformity of the head structure. Most events during early morphogenesis and the molecules controlling them have been proven to be conserved between species by studies using genetically tractable animals such as Drosophila and the mouse (Artavanis-Tsakonas et al., 1995; Martin and Wood, 2002) . Given that the bilateral head structure in most animals is fundamentally conserved, the mechanism by which the cytokine (or cell growth factor) secreted from the organ localized in the midline of the procephalic region contributes to the formation of the animal head structure can be broadly applied in the animal kingdom.
Experimental procedures
Animals and chemicals
Cabbage armyworm, M. brassicae, larvae were reared on an artificial diet (Insecta SF, Nihon Nousan Kogyo, Japan) under a 14-h light/10-h dark photoperiod at 23 8C. Adult moths were maintained with diluted honey (Noguchi and Hayakawa, 1997) . Invagination of stomodaeum is observed 24-60 h after oviposition and larvae hatch around 108 h after oviposition.
M. brassicae GBP (ENFAGGCLTGFMRT PDGRCKPTF) was synthesized by solid phase procedure with tert-butyloxycarbonyl method and purified by a reversed-phase C 18 HPLC column.
Analysis of GBP genomic DNA and GBP cDNA
Genomic library (4!10 5 pfu) was derived by ligating Sau3AI partially digested DNA into vector lambda DAHS II (Stratagene). Two independent phage clones, lambda Mg4111 and lambda Mg4311, were obtained by screening using a plaque hybridization procedure (Sambrook et al., 1989) . The former clone lambda Mg4111, containing a longer insert DNA fragment, was subcloned into pBluescript KS(-) (Stratagene) and nucleotide sequences were determined with an automatic sequencer (ABI 377, applied biosystems) using thermo sequenase II (Amersham Biosciences). A 5 0 region of GBP cDNA was determined by 5 0 -RACE (Dieffenbach and Dveksler, 1995) using genespecific primers, 5 0 -ggggtaccattttgtgaaattaaaatgttc-3 0 and 5 0 -tcgtgtcacgtctgttcagataatt-3 0 .
Northern and in situ hybridization
The 32 P-labeled GBP cDNA fragment (1-1259) and DIG-labeled RNA fragment synthesized from a GBP cDNA template (coding region, 596-964) were used as probes for the northern hybridization and in situ hybridization, respectively. Hybridization and washes were carried out as described previously .
Immunohistochemical and in situ microscopic analysis
Polyclonal antibody to GBP was made by immunizing rabbits with synthetic GBP in Freund's complete adjuvant (TiterMax Gold, CytRx Corporation). Immunohistochemical examination of sections of embryos was performed as previously described (Noguchi and Hayakawa, 2001 ). Electron microscopy observation was performed as previously described (Matsumoto et al., 2003a,b) .
Phenotypic analysis by over-expression and by RNA-mediated interference (RNAi)
For over-expression of GBP gene, the 0.45 kb-DNA fragment containing an entire ORF of GBP was amplified by PCR with a set of primers (5 0 -cggaattcatgaaattaactattaccattt-3 0 /5 0 -cgggatccctaaaaggtgggtttgcacctt-3 0 ; 1.3 kb cDNA position 506-527/943-964) and was inserted into the pCMVsport vector (Gibco). We confirmed the CMV promoter worked in M. brassicae embryos by fluorescence of GFP using pEGFP (Clontech). Test embryos were injected with 2-4 nl of 0.5 mg/ml a CMV-GBP plasmid and 0.1 mg/ml a pEGFP. The control embryos were injected with the same amount of the pEGFP. At 108 h after the injection, the eggs with the GFP fluorescence were dissected to examine the phenotypical change.
For RNAi (Fire et al., 1998) , the 0.4 kb-DNA fragment containing an ORF of GBP gene was amplified by PCR with a set of primers, which tagged T7 RNA polymerase-binding site (5 0 -taatacgactcactatagggagacggtgctgatgcgcaattca-3 0 /5 0 -taatacgactcactatagggagaggtgggtttgcaccttccg-3 0 ; 1.3 kb cDNA position 558-578/940-959). The PCR product purified using Gene pure (Nippongene) was used as a template for in vitro synthesis using a Megascript RNAi kit (Ambion).
For microinjection, eggs collected within a 60 min period after oviposition at 23 8C were fixed on a slideglass with adhesive tape and injected with the plasmid (for overexpression) or dsRNA (for RNAi) solubilized in H 2 O within 1 h after the collection. Mock-treated embryos in RNAi were injected with dsRNA of GFP. The injected embryos were cultured at 23 8C in a moist Petri dish. Fluorescence of GFP as an injection marker was observed 1 day after injection. At 48 h after microinjection of GBP dsRNA, a RT-PCR was performed to check whether GBP mRNA was expressed. The results indicated that the expression of GBP mRNA was almost completely blocked in over 80% of the embryos and this silencing effect maintained for 50-60 h after the injection. Test embryos were injected with 2-4 nl of 0.5 mg/ml GBP dsRNA and 0.1 mg/ml a pEGFP. The control embryos were injected with the same amount of pEGFP. At 96-108 h after the injection, the eggs with the GFP fluorescence were dissected to examine the phenotypical change.
Isolated head-thorax culture (HT culture)
The embryos were dissected 36 h after oviposition and the yolk clinging to the embryo was removed as much as possible with Grace's insect cell culture medium (Gibco). The embryos were separated at the border between the thorax and abdomen by the edge of a 25 G needle. The isolated head-thorax portions were cultured with or without 0.05 mg/ml a GBP dsRNA in 20 ml Grace's insect cell culture medium containing 1% FBS, 0.5 mg/ml of streptomycin at 25 8C.
